Purpose: This study aimed to evaluate the influence of maxillary impaction orthognathic surgery on nasal respiratory function and the efficacy of bone trimming at the inferior edge of the pyriform aperture.
Maxillomandibular repositioning in orthognathic surgery has an esthetic and morphologic effect on not only the hard and soft tissue profiles but also nasal respiratory function. Postsurgical occurrence of obstructive sleep apnea (OSA) has been reported in association with mandibular setback surgery. 1, 2 OSA is a common disorder that is found in up to 4% of men and 2% of women in the middle-aged population 3 and in association with other conditions, such as systemic hypertension, myocardial infarction, and stroke. 4, 5 Therefore, orthognathic surgery should be performed with consideration given to maintaining respiratory function as well as improving esthetics and occlusion.
Because orthognathic surgery affects ventilation of the human upper airway and nasal obstruction is known to be a risk factor for OSA, 6 it is important to avoid postoperative iatrogenic nasal obstruction. When bimaxillary orthognathic surgery with maxillary superior repositioning (ie, impaction) is performed, it has been assumed that the nasal cavity becomes constricted. In some cases, functional rhinosurgery, such as resection of the inferior concha, correction of the septum, and contouring of the pyriform aperture, is performed simultaneously with orthognathic surgery. 7 However, the efficacy of these measures has not been investigated as yet.
Previous studies using rhinomanometry or acoustic rhinometry have shown that maxillary impaction decreases nasal resistance [7] [8] [9] [10] [11] [12] by spreading the nasal valve, which is the most stenosed part of the nasal cavity. However, in these studies, it was difficult to measure the precise velocity of airflow and evaluate local nasal resistance in every portion of the nasal cavity. 13 Consequently, a new and reliable method needs to be developed for evaluation purposes. Recently, a number of researchers have been investigating human upper airway respiration using computational fluid dynamics (CFD). It has been reported that maxillary advancement increases pharyngeal volume, leading to improvement of OSA, [14] [15] [16] and that rapid maxillary expansion improves nasal ventilation. [17] [18] [19] Nevertheless, few studies have evaluated ventilation of the nasal cavity before and after maxillary impaction using CFD. Therefore, we analyzed nasal respiratory function using CFD to investigate the influence of maxillary impaction orthognathic surgery and the efficacy of bone trimming at the inferior edge of the pyriform aperture.
Materials and Methods

PATIENTS
This study was approved by the Tokyo Medical and Dental University Institutional Review Board (receipt No. 1118) and the Yokohama City University Medical Center Institutional Review Board (receipt No. B110512003). All participants signed an informed consent agreement. The participants were 10 patients (3 male and 7 female patients) with mandibular prognathism who underwent bimaxillary orthognathic surgery (Le Fort I osteotomy and bilateral sagittal split osteotomy) with maxillary impaction and bone trimming at the inferior edge of the pyriform aperture at Yokohama City University Medical Center from 2007 to 2009. To minimize surgeonrelated bias, 1 surgeon performed the bimaxillary orthognathic surgical procedure with titanium miniplates and screws. The quantity of trimming was set to more than the quantity of superior movement of the maxillary central incisor. The average superior movement of the maxillary central incisor was 2.15 AE 1.20 mm (mean AE standard deviation), and that of the maxillary first molar was 4.30 AE 0.63 mm. Patients with a history of facial fracture, other syndromes, or severe asymmetry were excluded. All patients underwent preoperative and postoperative orthodontic treatment.
THREE-DIMENSIONAL MODELS OF NASAL CAVITY
A computed tomography (CT) scan was performed immediately before surgery and 1 year after surgery with an Aquilion 16 instrument (Toshiba Medical Systems, Tokyo, Japan). The slice thickness was set to 1.0 mm. The slice width and height were 512 Â 512 pixels. The pixel size was 4.68 Â 10 À4 m. CT was conducted while the patients were awake and with the Frankfurt horizontal plane perpendicular to the floor. Each patient was asked to hold his or her breath at the end of inspiration. CT scan data were stored in Digital Imaging and Communications in Medicine (DICOM) format.
The DICOM images were read by Mimics software (version 17.0; Materialise, Leuven, Belgium), and 3-dimensional (3D) geometric models of the nasal cavity were constructed. Image segmentation of the nasal cavity was carried out based on the Hounsfield unit assigned to each pixel in the DICOM images. Threshold values were adjusted to eliminate imaging artifacts and to refine the selected airway region. The 3D models were constructed between the nostrils and the infraglottic cavity without the paranasal sinuses. To prescribe the realistic inlet boundary condition, the ''driver'' region was added on the 3D model (Fig 1) . 20 Subsequently, the 3D models were converted to the smoothed models without losing the patientspecific characteristics of the airway geometry by applying an appropriate smoothing algorithm in the 3-matic program (version 9.0; Materialise). Optimization of the surface mesh was performed using the remeshing module in 3-matic (version 9.0).
After the surface mesh was imported into fluid analysis pre-processor software (ICEM CFD, version 14.0; Ansys, Canonsburg, PA), the unstructured tetrahedral/prism hybrid mesh within the airway was generated in a manner such that there were 3 layers in the prism region to have enough resolution near the wall.
AIRFLOW SIMULATION
The Fluent package (version 14.0; Ansys) was used to solve the governing equations of the flow field for the velocity and pressure in each nasal airway model. The governing equations consist of the continuity and Navier-Stokes equations. The discretization of the governing equations on the computational domain was performed using second-order finite-volume schemes. For the time integration, a second-order implicit scheme was used. The coupling between the velocity and pressure fields was realized using the semi-implicit method for pressure-linked equations (SIMPLE) algorithm. 21 The turbulence model was the low Reynolds type k-ε model.
In this study, the analysis condition was designed to realize a patient at rest in atmospheric pressure (1.013 Â 10 5 Pa) and at atmospheric temperature (20 C). The coefficient of viscosity was 1.822 Â 10 À5 Pa $ s and the density was 1.205 kg $ m À3 . The magnitude of the inlet velocity was calculated from the volume flow rate (2.000 Â 10 À4 m 3 $ s À1 ) 13 and the area of the inlet. The outlet condition was applied as the free outflow boundary condition. The wall boundary condition used was the non-slip condition.
The simulation was conducted for the patients using the model with preoperative geometry as well as a model with postoperative geometry with trimming of the inferior edge of the pyriform aperture. To investigate the effects of trimming of the inferior edge of the pyriform aperture on airflow, the stenosis model was created based on the postoperative model by narrowing the thickness by 1 mm (ie, post 1 model) and 2 mm (ie, post 2 model) for 10 patients (Fig 2) .
The simulation was carried out by post-processor software (CFD Post, version 14.0; Ansys). The upper airway form, the border, and the evaluation parts are shown in Figures 1, 3 , and 4. The inlet plane was vertical to the driver wall, whereas the outlet plane was vertical to the infraglottic cavity wall. The locations of the planes at the right external nostril (P1), left external nostril (P2), nasal valve (P3), P4, P5, P6, P7, posterior nasal aperture (P8), P9, and P10 are shown in Figures 3 and 4 . We defined the nasal cavity as the portion from both the external nostrils (P1 and P2) to the posterior nasal aperture (P8). There has been controversy about the definition of the nasal valve. 22, 23 However, it is said that the nasal valve is the domain between the ostium internum and the isthmus nasi. 24 Therefore, in this study, we defined the nasal valve as the coronal plane through the anterior tip of the inferior turbinate near the edge of the pyriform aperture (P3). P10 is the horizontal plane through the tip of the epiglottis. The nasal cavity was separated into 3 equal parts by P4 and P6.
The airway resistance was evaluated by the pressure effort (DP), which was defined as the product of airway resistance and volume flow rate. In this study, the volume flow rate was fixed (2.000 Â 10 À4 m 3 $ s À1 ). Therefore, the DP was proportional to the airway resistance. The DP was obtained by calculating the difference between the averaged pressures on the designated 2 planes. The pressure efforts in the anterior nasal cavity, middle nasal cavity, and posterior nasal cavity were defined as DP-a, DP-m, and DP-p, respectively (Fig 5) . DP-nose was the total pressure effort of DP-a (from P1 and P2 to P4), DP-m (from P4 to P6), and DP-p (from P6 to P8). The pressure effort in the pharyngeal airway (from P8 to P10) was defined as DP-PA (Fig 5) . We defined the nasal valve (the most FIGURE 3. Lateral view of nasal cavity and reference planes (P1-P10). The dotted line indicates the anterior tip of the external nostril. The crosssectional area (CSA) at P3, P5, P7, and P9 was defined as CSA-NV, CSA-m, CSA-p, and CSA-PA, respectively. P1, right external nostril; P2, left external nostril; P3, nasal valve (most constricted region of anterior nasal cavity); P4 and P6, planes that separate nasal cavity (from dotted line to P8) into 3 equal segments; P5, middle plane between P4 and P6; P7, middle plane between P6 and P8; P8, posterior nasal aperture; P9, most constricted region of pharyngeal airway; P10, horizontal plane through tip of epiglottis. stenosed part of the anterior nasal airway) as P3, the middle of P4 and P6 as P5, the middle of P6 and P8 as P7, and the most stenosed part of the pharyngeal airway as P9. The cross-sectional area (CSA) was defined in each area as shown in Figure 3 ; CSA at P3, P5, P7, and P9 was defined as CSA-NV, CSA-m, CSA-p, and CSA-PA, respectively.
Statistical analysis was performed with the Wilcoxon signed rank test (P < .05) and Spearman rank correlation coefficients (P < .05).
Results
PRESSURE EFFORT
When the preoperative and postoperative models were compared, DP-nose and DP-a decreased considerably after surgery whereas DP-PA increased considerably after surgery (Tables 1 and 2 ). DP-m (P = . 19) and DP-p (P = .13) showed a tendency to decrease after surgery; however, these changes were not statistically considerable. DP-nose was considerably larger than DP-PA before and after surgery.
CROSS-SECTIONAL AREA
When the preoperative and postoperative models were compared, CSA-NV increased considerably after surgery whereas CSA-PA decreased considerably after surgery (Tables 1 and 2 ). In contrast, CSA-m (P = .69) and CSA-p (P = .27) showed a tendency to increase after surgery; however, these changes were not statistically considerable.
CORRELATION BETWEEN CSA AND DP
The correlations between CSA and DP before and after surgery are summarized in Figures 6-9 . Considerable correlations were found between CSA-NV and DP-a, CSA-m and DP-m, CSA-p and DP-p, and CSA-PA and DP-PA, with Spearman rank correlation coefficients of -0.938, -0.708, -0.720, and -0.928, respectively.
STENOSIS MODELS
The correlation between CSA-NV and DP-a in the preoperative, postoperative, 1-mm stenosis (post 1 ), and 2-mm stenosis (post 2 ) models is summarized in Figure 10 . In the post 1 and post 2 models, CSA-NV was smaller than postoperative CSA-NV and DP-a was larger than postoperative DP-a (Tables 1 and 2 ). In cases 1, 4, 5, and 9, CSA-NV of the post 2 model was smaller than preoperative CSA-NV and DP-a of the post 2 model was larger than preoperative DP-a (Table 1) . FIGURE 5 . Evaluated segments of pressure effort. The anterior nasal cavity comprised the part from the right external nostril (P1) and left external nostril (P2) to plane 4 (P4); middle nasal cavity, the part from P4 to plane 6 (P6); posterior nasal cavity, the part from P6 to the posterior nasal aperture (P8); and pharyngeal airway, the part from P8 to the horizontal plane through the tip of the epiglottis (P10). The pressure effort in the anterior nasal cavity, middle nasal cavity, posterior nasal cavity, and pharyngeal airway was defined as DP-a, DP-m, DP-p, and DP-PA, respectively. 
Discussion
On the basis of the findings of this study, it is suggested that the nasal cavity was more vulnerable to the DP than the pharyngeal airway when bimaxillary orthognathic surgery with maxillary impaction and bone trimming at the inferior edge of the pyriform aperture was applied. The relationship between the DP and the geometry of the artery can be derived theoretically for laminar flow in a circular cylinder as follows:
in which L, Q, A, r, and m are the length of the circular cylinder, volume flow rate, CSA of the circular cylinder, radius of the circular cylinder, and viscosity, respectively. As shown in the aforementioned equation, the DP is inversely proportional to the square of the CSA. However, because the human upper airway has complicated geometry and weak turbulence, the theoretical relationship shown in the equation cannot simply be applied to it. Nevertheless, the DP in each segment of the upper airway showed a considerable correlation with CSA in each segment (Figs 6-9) . Therefore, the CSA is the most important factor in the DP; in other words, an increase in the CSA of the nasal cavity leads to improved nasal ventilation.
Many studies of the influence of maxillary superior repositioning using rhinomanometry and acoustic rhinometry showed that nasal cavity resistance was reduced after surgery. [7] [8] [9] [10] [11] [12] Similarly, our study showed that the DP in many cases was reduced after surgery, as described in Figure 10 . One of the most important factors may be increasing CSA-NV by trimming at the inferior edge of the pyriform aperture. Thus, we made the 1-mm and 2-mm stenosis models and compared the CFD simulations with those of the postoperative models to examine the effect of trimming at the inferior edge of the pyriform aperture. In all cases, the DP values of DP-a for the 1-mm and 2-mm stenosis models were larger than those after surgery. The mean (AE standard deviation) reduction in CSA-NV in the 2-mm stenosis models was 0.13 AE 0.04 cm 2 , which was 5% of the postoperative CSA-NV (2.51 AE 0.51 cm 2 ) ( Table 2 ). This slight change had a large influence on the case with a small CSA-NV before surgery. The slight decrease in CSA-NV led to a large increase in DP-a. For instance, as shown in case 1, if the inferior edge of the pyriform aperture was not trimmed 2 mm, DP-a after surgery would be larger than that before surgery. Likewise, in case 5, CSA-NV was large before surgery, so DP-a might become larger after surgery. Furthermore, in cases 4 and 9, DP-a increased after surgery because the quantity of impaction was large. It was thought that nasal ventilation became worse without trimming at the inferior edge of the pyriform aperture. Because the amount of bone trimming was approximately 2 mm, which was the same as the mean amount of maxillary superior repositioning in our study, the results suggested that bone trimming at the inferior edge of the pyriform aperture was useful for maintenance of nasal respiratory function.
In general, when Le Fort I osteotomy with maxillary impaction was performed, the nasal septum was trimmed to avoid nasal deformation after surgery. 9, 11 In our study, multiple models showed that CSA-NV, Abbreviations: CSA-NV, cross-sectional area of nasal valve; CSA-m, cross-sectional area of middle nasal cavity; CSA-p, crosssectional area of posterior nasal cavity; CSA-PA, cross-sectional area of pharyngeal airway; DP-a, pressure effort in anterior nasal cavity; DP-m, pressure effort in middle nasal cavity; DP-p, pressure effort in posterior nasal cavity; DP-Nose, total pressure effort of DP-a, DP-m, and DP-p; DP-PA, pressure effort in pharyngeal airway; Pre, preoperative model; Post, postoperative model; Post 1 , 1-mm stenosis model; Post 2 , 2-mm stenosis model. CSA-m, and CSA-p were increased after surgery whereas DP-m and DP-p were decreased after surgery. This implies that trimming of the septum influenced these changes. In previous studies using rhinomanometry and acoustic rhinometry, only the anterior nasal cavity including the CSA of the isthmus nasi and nasal valve was mentioned as a factor of decrease in nasal cavity resistance. [7] [8] [9] [10] [11] [12] In addition to the anterior nasal cavity, simulation by CFD clarified that the medial and posterior nasal cavity contributed to improvement of nasal cavity ventilation when using CFD.
In conclusion, we investigated the influence on nasal cavity ventilation after orthognathic surgery with maxillary superior repositioning using CFD. Our findings showed that there were considerable correlations between CSA and DP in each segment of the upper airway and may validate the effects of bone trimming at the inferior edge of the pyriform aperture. However, these results may not necessarily accord with clinical symptoms in patients. Because measurements made by rhinomanometry and acoustic rhinometry often do not coincide with subjective complaints of nasal obstruction, 25 the so-called Nasal Obstruction Symptom Evaluation has been used in recent years. 26, 27 Further inspection using CFD and Nasal Obstruction Symptom Evaluation together will be the focus of future research.
